Fully dense transparent alumina is obtained after spark plasma sintering at 1000°C by using the electrically conductive SiC molding set. Compared to the conventional graphite set, the new mold material lowered the sintering temperature by 150°C for full densification. The SiC set has a lower electrical conductivity than that of the graphite set, which resulted in higher electric field during heating. The enhanced densification is attributed to the high electric field. In this study, the effects of the electric field and the heating rate on the densification of alumina are examined with the SiC molding set, and compared to the results with the graphite set.
Introduction
Spark plasma sintering (SPS) is an efficient method to consolidate ceramics and metals at low temperatures in a short time. The low sintering temperatures in SPS, compared to other sintering techniques, are certainly related to the electric field applied for heating. The electric field may enhance the densification by accelerating diffusion, 1) ,2) suppressing grain growth 3) or softening particle surfaces. 4) Though the exact mechanism is unclear, it was proven experimentally that the application of electric field contributes to lower the sintering temperature by enhancing densification.
5)7)
The low sintering temperature is indispensable for fine microstructures to improve optical and mechanical properties of transparent ceramics. Fully dense transparent alumina with a flexural strength of 850 MPa was obtained by SPS at around 1150°C.
8),9)
The sintering temperature is lower by 150300°C, compared to the typical temperatures for dense aluminas. Moreover, the application of high pressures during SPS lowered further the sintering temperature and improved the transparency remarkably. 10 ), 11) Pressure is also an important element characterizing SPS along with the electric field.
Conventionally, graphite or WC is used as a mold material during SPS, which material has good electrical and thermal conductivities. Particularly, WC has a great advantage for the application of high pressures at <1200°C. 10) Recently, carbon fiber composites were also tried for high-pressure punches.
12) These materials, however, have high electrical conductivities (>10 6 S/m), so that the electric field around the powder becomes quite low. The electric field around the consolidating powder during SPS depends on the electrical circuit including the molding set (spacers, punches and mold). In most SPS machines controlled by a current and not voltage, the control of the electric field is difficult with those highly conductive mold materials. With the conventional SPS machines, the selection of the proper mold material of various electrical conductivities would be the easiest way to control the electric field around the consolidating powder.
In this study, electrically conductive SiC is tried as the mold material that has the controlled conductivity and is also available for high-pressure application. Since the electrical conductivity of the present SiC (3 © 10 4 S/m) is lower than that of the conventional graphite (³10 6 S/m), higher electric field and hence further effect of enhanced densification are expected. Resultantly, we succeeded to lower the sintering temperature of alumina by about 150°C with the new SiC molding set, and could fabricate transparent alumina at 1000°C. In this study, the effects of the electric field and the heating rate on the densification of alumina are examined with the SiC molding set, and compared to our previous results with the graphite molding set. 8),9),13)
Experiments
Commercial ¡-Al 2 O 3 powder (TM-UF, Taimei Chemicals, Japan) was used, as shown in Fig. 1 . The powder has a purity of 99.99% and an average particle size of 0.15¯m. As-received powder was heated directly, without special treatment or additives, to 1000°C under a uniaxial pressure of 80 MPa using a spark plasma sintering machine (LABOX315, Sinterland, Japan). Heating was conducted using a sequence consisting of DC pulses for 40 ms followed by zero current for 20 ms. The heating rate was 50°C/min from the room temperature to 600°C and then was varied between 5 and 50°C/min from 600°C to the sintering temperature (1000°C). After holding for 720 min at the sintering temperature, the applied load was released and a power was turned off. Finally, a sintered disk was obtained with a diameter of 9 mm and a thickness of 3 mm. During the running of SPS, the vacuum level was kept below 10 ¹3 torr. The temperature was measured using a thermocouple in the non-through hole (1 mm in diameter and 4 mm in depth) of a SiC mold. The SiC mold was covered with a carbon felt to reduce the heat dissipation, and a carbon paper of 0.2 mm thickness was inserted between the powder and the mold, in order to prevent a damage of the mold.
The SiC molding set was machined from the body sintered at 2050°C for 6 h under a pressure of 40 MPa using a hot pressing.
14) The SiC material fully densified with an additive of yttrium nitrate has a grain size of 510¯m and a flexural strength of >500 MPa. The mold has a dimension of 28 mm in height and 9/28 mm in inner/outer diameter. The punches are 14 mm long, and the spacers have a dimension of 15 mm in diameter and 13 mm in thickness. The SiC material is electrically conductive (3 © 10 4 S/m), so that the SiC molding set with the alumina powder was heated directly from the room temperature without external heating during SPS.
For the measurement of optical properties, the sintered alumina was ground to a thickness of 1 mm and carefully mirror-polished on both sides using a diamond slurry. The in-line transmission and total forward transmission were measured in the wavelength range of 2401600 nm using a double-beam spectrophotometer (SolidSpec-3700DUV, Shimadzu, Japan) equipped with an integrating sphere. The distance between the sample and the detector is about 55 cm. The measurement of the in-line transmission was conducted by inserting a mask with a 2-mm diameter aperture in front of the detector in order to allow the detection of only the specularly transmitted portion of the incident light beam with a 4-mm diameter. Since the aperture diameter (2 mm) of the mask is smaller than the beam diameter (4 mm), only the light with a scattering angle less than 0.3°is detected.
For the sample polished and thermally etched at 900°C, microstructural observation was conducted using a scanning electron microscope (SEM) (JSM-6500, JEOL, Japan). The grain size was measured by obtaining the average cross section area per grain and by assuming spherical grains. The measured grain size is an apparent one, so that it was multiplied by 1.225 to determine the true grain size. 15) 3. Results and discussion 3.1 Microstructure
The sintering with the SiC molding set yielded fully densified transparent alumina at a temperature of 1000°C. Regardless of the heating rate, the apparent shrinkage of the powder was not significant after 5 min holding at the sintering temperature (1000°C), and transparency was observed for the aluminas with a holding time of >5 min. In our previous studies with the conventional graphite molding set at 1150°C, transparency was observed only for low heating rates (¯10°C/min). 9) Since transparency is a characteristic of highly densified bodies, 15) it is considered that the present SiC molding set enhances the densification of alumina during SPS, even at low temperatures. In the following, the extent of densification is discussed in terms of transparency. For fully densified alumina, the slight change in the density is difficult to be measured directly, but is sensitively reflected to the light transmission.
Along with the enhanced densification, the SiC molding set accelerated the grain growth during SPS. The grain size of the sintered alumina is shown in Fig. 2 . For 20 min holding, the present grain size after sintering at 1000°C is larger than that with the graphite set at 1150°C. 9) Despite the lower sintering temperature for the SiC set, the grain growth was accelerated remarkably compared to the case of the graphite set, whereas no significant grain growth was observed at 5°C/min. The accelerated grain growth as well as the enhanced densification at >5°C/min indicates that the SiC set enhances the diffusion-related process during SPS. The enhanced diffusion-related process may be caused by the high electric field, 16) as discussed later. In Fig. 2 , the grain size increases with the heating rate and the holding time, and the rate of grain growth during holding is higher at high heating rates. These tendencies correspond qualitatively to our previous observations with the graphite set, 8),9) and the grain growth depending on the heating rate can be explained by using a concept of dynamic grain growth. According to the model of dynamic grain growth, 17) the deformation of grainboundary diffusion/sliding as a process of densification occurs at high rates for rapid heating, which generates high concentration of defects around sliding boundaries to increase the boundary mobility. For slow heating, the deformation rate is low during densification and the dynamic effect of grain growth decreases. This is the reason why the grain growth at 5°C/min is slow (Fig. 2) . Thus, the concept of dynamic grain growth during densification explains well the large grain sizes at high heating rates, despite short heating time.
An interesting feature of the microstructure is the limited number of pores after sintering at high heating rates. At 50°C/min, whereas the alumina sintered with the graphite set contains large number of pores, 8) the alumina sintered with the SiC set is highly dense, as shown in Fig. 3 . After 20 min holding, the grain size is large (>0.5¯m) for both cases (Fig. 2) . The large grains with high porosities for the graphite set indicate that remarkable grain growth began before full densification, and the large grains with low porosities for the SiC set indicate that the alumina was fully densified before remarkable grain growth. These microstructural features also demonstrate the fact that the SiC set enhanced densification. At a heating rate of 50°C/min, the alumina samples after 20 min holding appear opaque for both molding sets, as shown in the inset of Fig. 3 . The opaque appearance, however, arises from different mechanism for the two aluminas. For the alumina with the graphite set, light scattering occurs by both large grains and pores, 15) but for the dense alumina with the SiC set, it occurs mainly by large grains. Owing to the full density in the alumina with the SiC set, the holding time shorter than 20 min increased the transparency by reducing grain sizes. According to the Rayleigh-Gans theory, 15),18) light scattering in alumina polycrystals decreases with decreasing grain size, for the grains less than or similar to a wavelength of the incident light. At 50°C/min, the grain growth began from the central portion and spread into the whole sample. Though the alumina after 20 min holding reveals a transparency in the periphery only, as shown in Fig. 3(a) , the alumina after less holding time (10 min) reveals higher and more uniform transparency. A similar behavior of grain growth from the central portion was also observed for the alumina with the graphite set, during SPS at higher temperatures (>1300°C).
13)

Light transmission
The light transmission of the present alumina is shown in Fig. 4 . A difference in the transmission for¯20°C/min is not remarkable. Since the transmission of a birefringent material such as alumina is affected by both porosity and grain size, 15) it is considered that the slightly different transmission was caused by the experimental variation in each SPS running. As a whole, however, the transmission is high at low heating rates. The relatively high in-line transmission after SPS of 10 min holding at 50°C/min is noteworthy. As shown in Fig. 4(b) , the in-line transmission at a wavelength of 640 nm is about 18%. The high transmission at high heating rates, unlikely the case of the graphite molding set (<1%), was caused by the high density achieved by using the SiC set, as mentioned above. With the holding time, the transmission for 50°C/min decreases due to grain growth, whereas the transmission for¯20°C/min increases due to densification, though the changes are not shown in this study. For low heating rates (¯20°C/min), an increase in the transmission due to densification seems to be larger than a decrease due to grain growth, during holding at 1000°C.
The increasing densification with the holding time at low heating rates yielded the best transmission for 5°C/min, as shown in Fig. 4(b) . It is noticeable that the in-line transmission after SPS at 1000°C (5°C/min) with the SiC set is almost identical to that after SPS at 1150°C (2°C/min) with the graphite set.
9) The identical quality of optical transmission was attained at lower temperatures and that at higher heating rates without significant grain growth, by replacing the graphite with the SiC set. This greatly implies a possibility of the present SiC as a new mold material for SPS.
Another advantage of the SiC molding set is the application of high pressures. A flexural strength of the present SiC is more than 500 MPa up to a temperature of 1400°C. 19) Since a compressive strength is usually higher than a flexural strength, it is expected that the SiC set is bearable at pressures higher than 500 MPa. The application of high pressures during SPS lowers the sintering temperature and also increases the transmission of alumina. At 400 MPa, the transmission of alumina was reported to approach the best value obtained using a hot-isostatic pressing.
10),11) The enhanced transmission of the present alumina at high pressures (160 MPa) is shown in Fig. 5 . The transmission would be increased more by the application of higher pressures. The temperatures and pressures available for the SiC set are now being examined. 
11)
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SiC molding set
In order to examine the mechanism of the low-temperature SPS of alumina for the SiC molding set, the densification behavior, electric power and applied voltage during SPS were compared with a case of the graphite set having an identical dimension. Figure 6 shows the densification behavior of alumina at a heating rate of 20°C/min. Whereas the densification begins at around 750°C for the graphite set, the beginning temperature for the SiC set is around 650°C. The SiC set lowered the temperature for the onset of densification by about 100°C. The maximum rate of densification is similar for both sets, and the two densification curves are likely to be shifted from each other. When the temperature reached the sintering temperature (1000°C), the densification rate for the SiC set decreases gradually to attain full densification after 510 min holding, but the densification for the graphite set is still proceeding even after 20 min holding. Hence, the enhanced densification with the SiC set is distinctive.
The enhanced densification may be related to the electric field applied for heating. It is known that the electric field enhances the densification of ceramic powder 5)7) as well as the deformation of ceramics at high temperatures. 20) , 21) It is also well known that the densification temperature is proportionally lowered with increasing electric field. 5)7) The electric power and the voltage during SPS of alumina are shown in Fig. 7 . Whereas the electric power consumed is almost identical for both molding sets, the voltage level is remarkably different. Because of the lower electrical conductivity, the voltage applied to the SiC set is about twice that applied to the graphite set. Therefore, it is considered that the higher electric field for the SiC set contributed to lower the densification temperature during SPS of alumina.
Finally, SiC has high thermal conductivities. The thermal conductivity of the present SiC (197 W/mK) is about twice that of conventional graphite (105 W/mK) and of WC (110 W/mK). The higher thermal conductivity indicates more uniform distribution of temperature in the mold. The high thermal conductivity also makes the SiC mold bearable to rapid change in temperature. Actually, the SiC molding set could withstand a heating rate of 100°C/min, as well as rapid cooling from the sintering temperature after turning a power off. Considering such advantages as uniform temperature distribution, enhanced densification and high applicable pressures, it is concluded that the SiC has a great possibility as a mold material in producing advanced ceramics using SPS.
Conclusions
By using the electrically conductive SiC molding set, fully dense transparent alumina was sintered at 1000°C, and the sintering temperature was lowered by 150°C, compared to a case of the conventional graphite set. Slow heating suppressed grain growth, so that fully dense alumina with fine microstructures was attained at 5°C/min. At high heating rates, although the grain growth was active even at the low sintering temperature, full density was attained, which is different from the case of the graphite set. The enhanced densification can be attributed to the high electric field applied during SPS. Along with the enhanced densification, uniform temperature distribution and high applicable pressures are expected for the SiC set. Such advantages of the SiC set would contribute to energy saving in producing advanced ceramics of high quality using SPS. Kim et al.: Low-temperature spark plasma sintering of alumina by using SiC molding set JCS-Japan
